Highlights of the article " Solid oxide fuel cells powered by biomass gasification for high efficiency power generation"  Design and operation of a gasification-SOFC system with minimal gas cleaning  Experimental results from full load, part load and long-term tests with product gas  Electric efficiencies around 40% biomass-to-power for small-scale power generation  Modeled gasification-SOFC combined cycle concepts with efficiencies up to 62% ACCEPTED MANUSCRIPT 
INTRODUCTION

29
The most cost-effective path to reduce climate change is through increasing the share of interesting for smaller scale power systems, as they offer high fuel flexibility (CO, H 2 , CH 4 ), 45 compared to other fuel cell types and can maintain their very high electric efficiency at 46 smaller scales and part load operation. The high operating temperatures of 700-900ºC in the 47 SOFC allows internal reforming of e.g. hydrocarbons in the stack, which increases its fuel 48 flexibility greatly. SOFC operation is however limited by its nickel containing anode, which requires a reducing atmosphere to stay active and forces the fuel cell to exhaust excess fuel. 50 The fraction of fuel used is called the fuel utilisation (FU) . 51 In order to utilize biomass as a fuel for fuel cells, a conversion from solid to gaseous fuel is 52 required, this can be achieved via gasification. At high temperatures, thermal gasification 53 offers a very flexible and highly efficient platform to convert solid carbonaceous matter into a 54 combustible product gas. This gas typically consists of lower hydrocarbons, CO, CO 2 , H 2 , N 2 , 55 inorganic impurities and tars. State-of-the-art gasification plants reach cold gas efficiencies of 56 80-93% (biomass to product gas [LHV] ) [4] . The produced gas can afterwards be processed 57 for a variety of applications including power, heat, chemical and fuel production applications. 58 As a joint technology platform, SOFC-gasification systems that combine the fuel flexibility 59 and conversion efficiency of gasification and the high electric efficiency of fuel cell 60 technology have very high potential. Recent modeling studies from the Bio-SOFC project 61 have shown that SOFC-gasification systems can reach electric efficiencies of 42-62% with 62 proper design -see e.g. [5, 6, 7] . However, product gas quality and capital costs pose a 63 challenge to further development and commercialization [8] . Product gas quality relates 64 specifically to tars, inorganics, and particulates that can terminate fuel cell operation and thus 65 strict gas conditioning is typically required. is added to the gas stream to avoid carbon deposition. Tests with product gas above 10 g/nm 3 of tars from a circulating fluid bed were found to be feasible at low loads [11] As mentioned, studies of SOFC-gasification systems are mainly focus on gas quality 87 investigations and do therefore not represent a commercially operating system. Such a system 88 will be operated at high loads, at various gas flow rates, and with limited gas cleaning to 89 lower costs. Also, the gasifier will have to be very efficient in retaining as much of the 90 chemical energy in the solid fuel into gas with a high cold gas efficiency, as the chemical 91 energy is a main bottleneck for electrochemical combustion.
92
The TwoStage biomass gasifier at the Technical University of Denmark are a proven and 93 commercial gasification system that can achieve a very high cold gas efficiency of 93%, while 94 producing only an insignificant amount of tars and around 1vol% light hydrocarbons 95 (methane) with only a bag filter for gas cleaning [15] [16] [17] . Given the challenges of the 96 previous cited works within SOFC's with product gas, it is expected that the proposed system 97 will provide a clean gas that will minimize risk of carbon deposition and be technically 98 feasible on commercial terms, including a relatively low level of complexity. Therefore it is expected that the coupling of the TwoStage gasifier and a state-of-the-art fuel cell stack will 100 provide a system that will move the joint technology platform closer to commercialization and 101 feature: 1) very high electric efficiency; 2) low levels of gas cleaning; 3) stable operation. The current study operates an 800 W e state-of-the-art SOFC stack at high load on real product 
MATERIALS AND METHODS
113
The study was carried out at the facilities at the Technical University of Denmark (DTU), 114 Risø Campus. The experimental equipment included the TwoStage 'Viking' gasifier, 115 necessary fuel cell gas conditioning and the SOFC stack. 
TwoStage gasifier
117
The TwoStage gasification concept has been developed at DTU over several decades and it 118 has been upscaled several times and commercially up to 1.5MW th [15] . The gasifier is a 119 staged downdraft concept, where the pyrolysis and gasification are carried out in separate 120 reactors with a partial combustion zone in between. The gasifier is unique in its ability to 121 produce gas with virtually no tars (<1 mg/nm 3 ), using only a simple bag house filter and while 122 still obtaining a high cold gas efficiency of 93% [16] . The applied TwoStage gasifier plant is a 80 kW th Viking plant, which is fully automated, have been operated for more than 3000 hours 124 and have shown very stable operating characteristics with regards to continuous operation , 125 gas composition and engine operation [17] . 126 A flow diagram of the Viking gasifier is shown in Figure 1 . The gasifier is operated at 127 atmospheric pressure levels. Pine wood chips of ≈40% humidity are fed into an externally 128 heated screw conveyor that dries and pyrolyzes the fuel up to 600ºC. No fuel analysis was 129 made, but the fuel is very similar to the fuel used in previous tests, which is shown is Table 1 .
130
The screw conveyor is heated using superheated engine exhaust. The pyrolysis products are 
Fuel cell gas conditioning
141
Gas conditioning is essential when using fuel cells, as this technology is highly sensitive to 142 several gas components. Levels of hydrocarbons have to be monitored, as they will be 143 reformed internally in the anode and cause thermal stresses by cooling and can cause carbon 144 deposition. The reforming of hydrocarbons needs a sufficient water vapor pressure in order to 145 avoid carbon deposition and thus the gas needs to be humidified. Inorganic compounds, 146 including sulphur, need to be completely removed to avoid anode deactivation.
147
The product gas initially flowed through two active carbon filters at room temperature with a retention time of 53 seconds. These filters act as guard beds, removing inorganic compounds 149 and tars. 150 Afterwards, the gas passed through an electrically heated water spray tower, where it was 151 humidified to reach an oxygen-carbon molar ratio of 2. The humidification temperature was 152 60ºC, which correspond to a water molar fraction of about 19.5% in the humidified product 153 gas.
154
The humid product gas was electrically heated to 245ºC and led through a fixed guard bed 155 with ZnO pellets that removed remaining sulphur compounds up to 10 ppm. Afterwards the details in reference [17] . Sulphur was measured using 250mL gas probes and GC/MS with 172 three measurements before and after the carbon filter. open-circuit conditions with Formier10 gas (10v% H 2 , 90v% N 2 ) and as 700ºC was reached, 184 the stack was stabilized for 30min before switching to product gas. After switching to product order to obtain other benefits (e.g. using a smaller char bed/reactor or increasing fuel 213 flexibility by using a fluid bed for char conversion) as a slightly higher tar concentration will 214 not affect the SOFC performance. 215 Sulphur was analysed for the COS and H 2 S compounds, but only COS could be detected with 216 an average value before the carbon filter of 3.7ppm and <0.1ppm after the carbon filters [20] , 217 displaying the relatively simple carbon filters effectiveness. The SOFC's tolerance towards 218 sulphur species is extremely depending on gas composition and temperature, but Nielsen et al. [21] found that a SOFC stack at 800⁰C using partially oxidized jet fuel (gas 220 composition similar to TwoStage product gas) was not affected by 10ppm H 2 S, and while 50ppm decreased performance 10%, the SOFC could easily be regenerated to original 222 performance levels. These findings indicate that the already simple gas condition applied in TwoStage gasifier were seen. Average gas compositions during the tests are shown in Table   229 3. Figure 4 shows as reference, the gas composition fluctuations during Test 5. Voltages were affected by the pressure increases, resulting in negative spikes until the 235 pressure was reset shortly after -see Figure 8 . 236 The temperature of the stack increased as the current increased, due to generated waste heat.
237
During Test 5, temperatures were constant as the current was not varied. Results from the 238 measurements of product gas, exhaust gas and air temperatures are shown in Table 4 . The peak values for Test 1-4 are shown in Table 6 . The SOFC operation during the 62 hours was generally stable throughout the test, with power 308 fluctuating within ±10W, which is to be expected with slightly varying gas flow and 309 composition (see Figure 4) . As seen in Figure 8 and as mentioned earlier, the voltage did 310 however experience some spikes during operation, which is likely caused by droplets that are 311 carried over from the humidifier and in turn evaporates when reaching the heat exchangers.
312
The sudden evaporation will cause the local steam concentration to increase and lower the The calculated overpotential for the SOFC stack is shown in Figure 9 . The value fluctuates 336 slightly, which is due the discussed modeling assumptions above and to minor disturbances in 337 the system, namely the gas pump was found to fluctuate. The overpotential of the stack is split 338 into two sections: before and after the 2.5 hour fall-out. Before, the overpotential is increasing 339 at a low rate, indicating that the stack performance is declining. After the stop, however, the 340 overpotential is stable, but with a higher value, indicating that the stack has been damaged by In all, a total of 145 hours of operation was however carried out on product gas, without 354 significant decline in SOFC performance that indicates loss of performance when combining 355 these two technologies. However, two aspects should be kept in mind when evaluating these 356 results: 1) the stack performance has not been tested before and after the tests with a reference 357 gas, so specifics on a possible performance decline has not been investigated -for instance 358 could the high fuel utilization have caused a decline in performance that cannot be assessed 359 over the operating time of this project; 2) the stacks initial condition is unknown by Topsoe 360 Fuell Cell and the stack might have decreased performance compared to an unused stack.
361
Following the test campaigns, the gas separation of the stack was tested at room temperature 362 with gas tracing and it was found that there was a leak between anode and cathode, which will 363 lead to either anode oxidation and/or loss of fuel, but in all cases a loss of performance. 
